Abstract-As power system operation conditions vary, the system may move into critical operating conditions with oscillatory behaviors. In this paper, a generation rescheduling method is proposed for damping critical modes so that oscillations can be suppressed. This proposed method calculates the analytical eigenvalue sensitivity to identify the most effective generators for rescheduling to enhance the damping of the critical mode, thereby suppressing the oscillations. The eigenvalue sensitivity calculation is based on the structure-preserving network representation and the generalized eigenvalue problem. Numerical evaluation of the proposed method is performed with a focus on mode shape and participation factor analysis. The results show that the proposed method is effective in controlling power system oscillations via generation rescheduling.
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I. INTRODUCTION

P
OWER system mode analysis is an effective way for analyzing the dynamic behavior of power systems. As power system operating conditions vary or are subject to external disturbances, the system may move into critical operating conditions with oscillatory behaviors. To suppress oscillatory behaviors, a variety of controls have been proposed, for example, see [1] - [7] . However, controllers designed based on multiple operating conditions can stabilize these operating conditions but may destabilize other operating conditions, i.e., critical postfault operating conditions. For suppressing oscillations due to critical operating conditions, controlling the critical modes can be effective. However, to enhance these modes, it is not always effective to adjust the controller parameters on-line [8] . Instead, certain types of emergency control strategies, such as on-line generation C. Li and Z. Du are with Shaanxi Key Laboratory of Smart Grid and the Department of Electrical Engineering, Xi'an Jiaotong University, Xi'an 710049, China (e-mail: ctali@163.com; zcdu@xjtu.edu.cn).
H. rescheduling or tripping and load shedding are effective in online models [8] - [12] . Sensitivity analysis of power system modes provides information regarding how the mode can be affected by specified parameters [13] , [14] . The sensitivity-based methods have been applied to determine the controller parameters and computation of sensitive modes, for example, see [13] - [16] . The eigenvalue sensitivity calculation with respect to the operation parameters, such as load level and generation mechanical power and its applications, can be found in [8] , [10] , [11] and [17] . However, these studies were based on either the classical generator model [17] or on numerical sensitivity [8] , [10] , [11] instead of analytical sensitivity.
Since varying operation parameters will alter the equilibrium point, the calculation of eigenvalue sensitivity with respect to operation parameters needs to take both balance equations and the state matrix into account. In [18] and [19] , eigenvalue sensitivities, with respect to load level, were derived based on state matrix and the augmented state matrix, respectively.
In this paper, a novel method is proposed to calculate analytical eigenvalue sensitivities with respect to system operation parameters. These analytical sensitivities can be applied to identify the most effective generators for rescheduling to enhance damping of the critical mode, thereby suppressing the oscillations. The eigenvalue sensitivity calculation is based on the structure-preserving network representation and the generalized eigenvalue problem. A numerical scheme to compute effective power generation rescheduling is also proposed. The effectiveness of the proposed method on mode enhancement will be illustrated on 10-generator and 16-machine systems, and a comparison study will also be conducted.
The dynamic power system model applied in this paper is general which is commonly used in power system stability analysis and control. The network-preserving model is adopted to obtain the equilibrium points and eigenvalue sensitivities, and thus, the method can be applied to a full system model. For power system oscillation analysis, other linearized models are also used, which can be found in [21] and [22] . This paper is organized as follows. In Section II, a power system model is presented. An eigenvalue sensitivity calculation method, with respect to the operation parameter, is given in Section III. Section IV applies the sensitivity-based method to identify the most effective strategy to enhance the critical mode.
The numerical tests are shown in Section V. Conclusions are made in Section VI.
II. POWER SYSTEM MODELLING
We consider a structure-preserving nonlinear model for power system stability analysis described as
wherex andȳ are state and algebraic variable vectors, respectively;f andḡ are nonlinear equations;T is the coefficient matrix; and μ denotes a system operation parameter, such as load level, generator mechanical power, etc., in this paper.
The linearized model for power system small-signal stability analysis can be derived from (2) as
where
The elements of J are functions of x 0 , the power system equilibrium point, which is the solution of the following equation:
A generalized eigenvalue λ of matrix pencil (J , T ) denotes a dynamic mode. Suppose u and v are the normalized right and left corresponding eigenvectors, in other words,
where superscript 'H' denotes conjugate transpose.
Let λ be a complex eigenvalue, with the form of
Each pair of the complex eigenvalues corresponds to an oscillatory mode. When an oscillatory mode is active, the time response of the i-th variable Δx i , corresponding to the mode, is given by
where k i and θ i are related to the mode shape. The real component of λ denotes the damping of the oscillation whereas the imaginary part determines the angular frequency. The time constant of amplitude decay is −1/σ, i.e., the amplitude decays to 1/e of the initial amplitude in 1/|σ| seconds for negative σ. The damping ratio of an oscillation mode is given by (9) , which in terms of the real part and imaginary part of the mode in a nonlinear way, is
Generally, the damping ratio is considered insufficient for ζ < 3%. It requires smaller real parts for higher frequency modes. Adjusting σ or ζ of an oscillation mode is an effective way to suppress the corresponding potential oscillations. According to (8) , it is clear that, in the time domain analysis, reducing σ is sufficient to suppress related potential oscillations.
III. EIGENVALUE SENSITIVITY WITH RESPECT TO OPERATION PARAMETERS
In this section, the eigenvalue sensitivity with respect to power system operation parameters will be derived. Since the varying of operation parameters will change the position of the underlying equilibrium point, the equilibrium function needs to be taken into account to determine the sensitivity.
A. Eigenvalue Sensitivity
Let T remain constant and suppose the sensitivity of J to μ has been obtained as ∂J /∂μ. The sensitivity of λ with respect to μ is represented as [14] :
The eigenvalue sensitivity can also be obtained by solving the following linear equations in which only the right eigenvector u is needed (see Appendix):
Once the eigenvalue sensitivity has been obtained, the sensitivity of the damping ratio can be computed as follows:
Note that the damping ratio sensitivity takes into account the sensitivities of real and imaginary parts. Generally, for critical electro-mechanical oscillation modes, ω |σ|. Under these circumstances, the real part sensitivity can be dominant in damping ratio sensitivity. Thus, in the following sections of this paper, the damping sensitivity, ∂σ/∂μ, will be adopted.
B. Sensitivity of J to Operation Parameters
Equation (10) has been applied in power system eigenvalue sensitivity analysis with respect to various parameters. To compute ∂λ/∂μ using either (10) or (11), ∂J /∂μ needs to be obtained first. When μ is a control parameter, such as PSS gain, only a few elements in J will be related. In this case, it is easy to obtain ∂J /∂μ. However, when μ denotes an operation parameter, the equilibrium point will vary due to μ changes and a vast number of elements in J will vary accordingly. To formulate ∂J /∂μ for this case, it is hence necessary to take ∂x 0 /∂μ into consideration. It follows from (5) that,
Thus, the sensitivity of the equilibrium point to μ is obtained by
The element of J , denoted by J ij , has the sensitivity of
where x k denotes the k-th element of x 0 . ∂J /∂μ is then achieved by solving all of the elements' sensitivities. Since J and ∂J /∂μ are very sparse under the network structurepreserving model, the eigenvalue sensitivity can be quickly obtained by sparse techniques.
IV. GENERATION RESCHEDULING METHOD
Suppose the operating point of a power system has an oscillation mode with insufficient damping. In this section, a novel method for generation rescheduling is developed for damping this mode.
A. Sensitivity-Based Generation Rescheduling
Given a group of candidate generators whose mechanical power can be rescheduled, it is possible that increasing mechanical power of some generators will enhance the damping of the mode whereas decreasing that of others will also enhance the mode.
Once the damping sensitivities with respect to the turbine power, i.e., the real part of ∂λ/∂P m 0 , have been obtained by (10) or (11), we can rank them in the following way:
where P k m 0 denotes the turbine power of the k-th generator and N is the number of candidate generators. It follows that the damping of the mode can be enhanced by increasing P
Obviously, there may exist multiple rescheduling strategies that can be used to enhance the mode. However, the most effective way is to reschedule the turbine power of the rightmost and left most generators.
To apply the generation rescheduling scheme to enhance the mode, it is necessary to maintain the total active power of the system. For effective rescheduling, the proposed method solves the following optimization problem, with the objective function as
represent the altered, minimum and maximum mechanical power of the k-th machine; σ 0 denotes the damping of the mode, and σ w is the target damping, e.g., −0.1 or −0.15, which may suppress the amplitude of the oscillation to 5% or 1% of its initial amplitude in half a minute. ε is a small constant that represents a threshold for the damping, e.g. 0.005. Introducing the parameter ε may reduce the required iterations of the method proposed in next subsection. The objective function ensures that the most sensitive generators will be selected first for rescheduling.
Since the eigenvalue problem is nonlinear, it is hence necessary to validate the proposed control strategy to ensure that both the post-control system is stable and the critical mode is actually enhanced.
B. Generation Scheduling Method
A step-by-step description of the proposed method for suppressing power system oscillations is as follows.
Step 1: Form and solve the operating point of the underlying power system model (5).
Step 2: From the solved operating point, form the unreduced Jacobian matrix J and calculate, if it exists, the insufficient damping mode λ = σ ± jω as well as its corresponding right and left eigenvectors u and v. Specify a (desired) target damping σ w and provide a set of candidate generators.
Step 3: Based on the current operating point, compute the sensitivities of the critical mode with respect to the mechanical power of all candidate generators. Sort the candidate generators according to the computed sensitivities, as shown in (16).
Step 4: Solve the optimization problem (17) to design real power generation rescheduling.
Step 5: Update the mechanical power of the rescheduled generators. Solve the operating point of the rescheduled system. Obtain the unreduced Jacobian matrix J and calculate the related critical eigentriplet (λ, u, v).
Step 6: Check whether the damping of the critical mode is enhanced as required and the post-control system is stable. Stop the procedure if it is satisfied; otherwise, go to Step 3.
We note that the optimization problem (17) is for a single critical mode. Since the vast majority of oscillation modes of modern power systems have sufficient damping, the hypothesis is meaningful. If there exist multiple critical modes, these modes need to be simultaneously considered in the optimization problem. Moreover, it is plausible that generation rescheduling may cause other modes to be shifted. In some cases, it may improve the critical mode at the expense of reducing the damping of other modes. For these cases, if the rescheduled system is verified with unstable or other insufficient damping modes, say,λ =σ ± jω, thenλ must be taken into account, i.e., the constraint (17.b) is replaced by (18) .
The method is based on the network-preserving model where the sparse technique can be adopted. The main tasks involved in obtaining eigenvalue sensitivities are calculating ∂x 0 /∂μ by (14) and forming ∂J /∂μ by (15) . These tasks can be fast performed exploring the sparsity of unreduced Jacobians. To compute the sensitivity of x 0 to multiple parameters using (14) , only one LU factorization of J is needed. Thus, differing from numerical sensitivity, the analytical sensitivities proposed in Section III are effective for application.
The method proposed in this paper is not for enhancing the overall damping of power systems, but for exploring the potential of an existing system. The proposed method can be applicable for developing control strategies to suppress emergency oscillation. For improving the overall damping of the system, a better way is to install more controllers, such as PSSs.
Generation rescheduling can be used to enhance a mode with insufficient damping or with near-zero damping. If an oscillation mode with negative damping is evoked with the magnitude of the oscillation increasing rapidly, it is better to apply this method accompanied by a faster method, e.g., load shedding. The proposed eigenvalue sensitivity method can also be applicable to these cases. For online application, it is appropriate to select generators with relatively high ramp rates as candidate generators.
V. CASE STUDY
The 10-machine New England System, shown in Fig. 1 , is used to evaluate the proposed method. In the system, generators G1 and G10 adopt the classical model and the others are represented by the two-axis model equipped with an excitation system as well as PSS. The 16-machine New England New York interconnected system, shown in Fig. 2 , will also be applied for mode shape, participation, and sensitivity analysis in subsection E. In the numerical test, an inter-area mode will be selected. For the system, all generators are described by the two-axis model equipped with an excitation system as well as PSS. The data is contained in Appendix B. This evaluation work was performed on a laptop with Intel Core i3 CPU and a 64-bit operating system. ε is set as 0.005 in the optimization.
A. Different Operating Conditions
For the New England system, there are 8 local oscillation modes and 1 inter-area oscillation mode of the system. For the base case, the minimum damping ratio of the oscillation modes is 4.65%. We consider the situation that all loads and generator mechanical powers are increased by 40%, representing a critical operating condition for mode shape, participation factors, and sensitivity analysis. The generation rescheduling strategies are then applied to the critical operating condition to suppress the potential oscillations without considering topology change. In subsection C, all loads and generator mechanical power are improved by 20% of the base case, representing a subcritical operating condition where the generation rescheduling for suppressing a post-fault system oscillation will be investigated. In this case, the system topology will change after the fault clearance. The rightmost modes of the base case subcritical and critical operating conditions are described in Fig. 3 .
B. Mode Shape, Participation Factor, and Sensitivity Analysis
The inter-area mode of the critical operating point is −0.0018 ± j3.2539. The mode, with the mode shape illustrated in Fig. 4 , represents the potential oscillation of generators G1 ∼ G9 swinging against G10. For simplicity, in the example, the maximum rescheduled mechanical power for each machine is considered as 1.0 p.u.. Fig. 5 shows the structure of the unreduced Jacobian matrix and the sensitivity matrix which is sparse.
The mode shape, participation factors, and the sensitivities of the inter-area mode are listed in Table I are obtained using (10) and (12), respectively. Superscript 'i' denotes the i-th generator. From Table I , it can be observed that there is no direct relationship between the mode shape analysis and eigenvalue sensitivity. For example, according to mode shape analysis, when the mode is active, generators G1 ∼ G9 will swing against G10. However, increasing the turbine power of G1 will benefit the oscillation mode while increasing that of G5 will decrease the damping of the mode. There is no direct relation between the sensitivities and the participation factors either.
According to the eigenvalue sensitivity analysis, increasing the turbine power of generators G10, G1, G2, G8, and G3 will enhance the damping of the inter-area mode. On the other hand, reducing the turbine power of G5, G9, G4, G7, and G6 will improve the damping of the mode. The sensitivities of a mode may vary due to load variations. The damping sensitivities of the inter-area mode with respect to different load levels are shown in Fig. 6 , where the load level as well as the generation output power are increased from 1.0, i.e., the base case, to 1.5. It can be observed from the figure that, without a topology change, the variation in damping sensitivities is small except for that of G9. Moreover, the signs of the sensitivities remain the same due to load level changes. Thus, the sensitivity-based generation rescheduling is robust for enhancing an inter-area mode. 
C. Suppressing Oscillation After Perturbation
Suppose the system is running on a critical operation point. To enhance the inter-area mode, two rescheduling strategies are shown in Table II where the damping of the mode is expected to be −0.10 and −0.15, respectively. After 1 iteration of the proposed method, the real part of the modes is enhanced to Table II and Fig. 7 . In Table II , ΔP m 0 is the adjusted turbine power, σ w is the target damping of the mode, and λ R and ζ R are the exact result. The generation rescheduling strategy, described in Table II , has been evaluated using time-domain simulation. According to a transient simulation, a sustained oscillation will occur after a load increase by 41.5%, which is near the critical operation point. A fault was set as a three-phase short circuit on Bus 1 and cleared after 200 ms without line tripping. After 20 s, the generation rescheduling strategy is applied. The results are shown in Fig. 8 .
It can be observed from Fig. 8 that the strategy, developed based on enhancing the critical mode, suppresses the oscillation effectively and the decay of the oscillations matches the damping of the related mode.
D. Suppressing Oscillations with a Topology Change
In this section, the generation rescheduling strategy for suppressing oscillation of a post-contingency system with the network topology changed will be investigated. The precontingency system is running on the subcritical operating point. The disturbance is set as a three-phase fault on the line between Bus 1 and Bus 39, and cleared after 200 ms by switching out the line. For the post-fault system, the topology as well as the equilibrium point differ from the subcritical operating condition. The rightmost eigenvalues are shown in Fig. 9 .
For the post-fault system, the inter-area mode, 0.0106 ± j2.5048, is with positive real part. Thus, the post-fault system will be unstable. For suppressing oscillation of the post-fault system, the post-fault system model is employed. Under subcritical and post-fault operating conditions, the damping sensitivities of the inter-area mode are shown in Fig. 10 . It can be observed that, for enhancing the inter-area mode of the pre-fault system, the best way is to reschedule G10 and G5. However, for the critical mode of the post-fault system, the best generators are G10 and G9. In addition, increasing the turbine power of G1 and G8 can enhance the inter-area mode of pre-fault system; but, it will reduce the damping of the mode of post-fault system.
According to linear estimation, increasing the turbine power of G10 by 1.0 p.u., G2 by 0.80 p.u. and simultaneously decreasing that of G9 by1.0 p.u. and G5 by 0.80 p.u. will enhance the damping of the post-fault system inter-area modes to −0.10. Actually, the inter-area mode is enhanced to −0.1084 ± j2.5610 with a damping ratio of 4.23%. The rescheduling strategy has been applied 20 s after the fault clearance and the result is shown in Fig. 11 . The oscillation is suppressed effectively.
E. Inter-Area Mode Analysis
For the interconnected New England and New York power system, there are 15 oscillation modes. The oscillation modes are well damped for the base case, with a minimum damping ratio larger than 10%. The rightmost modes of the system are shown in Fig. 12 . The rightmost oscillation mode, −0.2906 ± j2.0217, which is an inter-area mode, is adopted in this section for analysis. The mode shape of the inter-area mode is shown in Fig. 13 . It can be observed that the inter-area mode represents the potential oscillation of generators G1 ∼ G13 swinging against G14 ∼ G16. The mode shape and participation factors as well as the sensitivities of the mode are listed in Table III. It can be observed from the participation factors that the most participating generator in the mode is G15. However, the most effective way to enhance the mode is to reschedule the turbine power of G4 ∼ G7 and G9. According to the sensitivity analysis, decreasing the mechanical power of G1 ∼ G9 will enhance the mode while increasing that of G10 ∼ G16 will increase the damping. Similarly, it differs from the mode shape analysis.
The elapsed time to compute 16 eigenvalue sensitivities for this case is about 0.21 s CPU time by the analytical sensitivity method, whereas the time consumed is 0.86 s CPU time by the numerical sensitivity method. Thus, the analytical sensitivity method has an obvious advantage in speed.
VI. CONCLUSION
A novel method to calculate analytical eigenvalue sensitivities with respect to various operation parameters is proposed. These analytical sensitivities can be applied to identify the most effective generators for rescheduling to enhance the damping of the critical mode, thereby suppressing the oscillations. The eigenvalue sensitivity calculation is based on the network-preserving model. A numerical scheme to compute effective power generation rescheduling is also proposed. The effectiveness of the proposed method on mode enhancement has been evaluated on the 10-generator and 16-machine systems. A comparison study has been conducted to illustrate the effectiveness of the proposed method and the derived analytical sensitivity results.
It was numerically shown that the mode shape analysis and participation factors cannot provide effective information for generation rescheduling to control a mode. Numerical results also show that for different system contingencies, the effective 
The normalization equation in (19) is not differentiable. Let u = u represent a fixed vector. (19) is then rewritten as
Differentiating ( 
Substitutingū by u, the expression of (11) is obtained.
APPENDIX B
The base case power flow data for 10-machine New England system is from [23] . The machine data is shown in Table IV .
The power flow and machine data for 16-machine New England New York interconnected system is from [24] , except for the generator damping coefficient, which is set as zero in this paper.
The excitation system adopted in this paper is Type AC4A excitation system, shown in Fig. 14 . The Block diagram of PSS is shown in Fig. 15 .
The parameters of excitation system and PSS applied in this paper are in Tables V and VI. 
